This paper focuses on a fast finite-set model predictive control (FFS-MPC) for three-phase four-arm active front end modular multilevel converters (AFE-MMCs) under unbalanced and distorted network conditions. The main aim of this paper is to enhance the steady-state performance of the whole system while remaining computationally feasible. Firstly, a novel topology, which has a good potential to improve the fault tolerance ability of MMCs, is presented in this literature. Secondly, in order to enhance the steady-state control performance, a new FFS-MPC methodology is proposed to serve this purpose. Specifically, the philosophy behind the proposed solution is to formulate a user-predefined cost function formula by embedding a power compensation term and an integral error term at the same time, which improves the power quality under normal and under abnormal conditions. However, it is important to notice that the computational complexity will be increased while applying the proposed solution to the control of three-phase four-arm AFE-MMCs. To solve this issue, a fast MPC is introduced into the proposed methodology to improve the computational efficiency, making it suitable for multilevel converters control. Finally, the effectiveness and feasibility of the proposed FFS-MPC methodology can be validated by the comprehensive results for regulated three-phase four-arm AFE-MMCs.
I. INTRODUCTION
As one of the most promising topologies in terms of the demand for medium-to high-power applications, modular multilevel converters (MMCs) have been received considerable attention because of their inherent merits such as scalability, higher reliability, lower switching losses, and excellent output voltage and current waveforms [1] - [3] . In this topology, an important application is in the rectifier mode operation, where the converters serve as an active front end (AFE) to generate the controlled DC-link voltage for the flexible The associate editor coordinating the review of this manuscript and approving it for publication was Reinaldo Tonkoski . operation of medium-voltage high-power drives system, high voltage direct current (HVdc) transmission system, and so on [4] , [5] . A recently developed MMC topology, named three-phase four-arm active front end modular multilevel converters (AFE-MMCs), is presented in [6] . Compared with the conventional MMC topology, the novel three-phase fourarm AFE-MMC topology not only inherits the main merits of conventional MMCs such as modular structure, scalability and reliability, but also realizes the improvement of fault tolerance ability of MMCs and a low increase of the system cost.
Inspired by these prominent advantages and potential application prospects, the different research organizations are still devoting to investigating advanced control approaches in an attempt to obtain the desired control performance for MMCs [7] - [10] . Among these different control methods, finite control-set model predictive control (FCS-MPC) scheme, which is based on the discrete mathematical model and limited switching combinations, can be selected as one of the most preferred alternatives. The main characteristics of the approach is that the optimization problem can be easily solved by evaluating the limited switching combinations for the controlled variables in the user-predefined cost function formula within a finite horizon length of time, without the intervention of a pulse width modulation (PWM) block [11] - [13] . In that sense, the user-predefined cost function formula flexibly incorporates the different control objectives, which typically correspond to active power and reactive power for AFE-MMCs, respectively. In addition, the advantage of the approach is that the removal of the intermediate modulation process brings a fast transient response and a simple and intuitive implementation. However, despite this advantage, it presents some inherent drawbacks, such as computational complexity and steady-state performance [14] - [16] . As a consequence, it is essential to develop an alternative control scheme to circumvent the aforementioned shortcomings, while remaining computationally feasible for three-phase four-arm AFE-MMCs.
As already discussed above, interesting researches on the topic of improving the steady-state performance for MMCs have been investigated [17] - [20] . A novel MPC approach for MMC-based active front-end rectifiers under unbalanced grid conditions is presented in [17] , where authors proposed to adopt an effective modulation technique to enhance steady-state AC-side/circulating currents control performance. Thus, the excellent grid-side current harmonic characteristics can be obtained by the proposed method under unbalanced grid conditions. A similar design philosophy is developed in [18] , where a model predictive current control strategy based on a phase-shifted PWM control technology is presented to achieve a better steady-state performance with smaller tracking errors in terms of load current and circulating current. Alternatively, an improved MPC of MMCs with enhanced steady-state performance and stability is explored by combining a dead-beat predictive current control and a modulation stage in [19] . In [20] , a modulated MPC method is proposed for modular multilevel AC/AC converters. In this proposed method, modulated vectors sequence is employed to enhance the steady-state tracking performance of multi-objective current. In aforementioned proposed schemes, a fixed switching frequency (SF) can be achieved, and a desired steady-state control performance can be obtained.
Another interesting research question, apart from the challenges associated with the steady-state tracking error, is computational complexity. Fortunately, there are several possible ways to circumvent this inconvenience [21] - [23] . An approach that can to some extent reduce the computational burden is reported in [21] , where the presentable output voltage level is employed to replace all the feasible switching state combinations in comparison to the conventional FCS-MPC approach (switching states is C N 2N ). In this sense, the number of possible control inputs to be determined can be reduced to N + 1. Furthermore, in order to further improve the computational efficiency, only two/three output voltage levels are adopted as an FCS to alleviate the online optimization complexity [22] . Notably, by applying the proposed algorithm, the computational burden can be improved by simple optimization process that do not consume large execution time which is very important in the application of MMCs. Besides, unlike the previously mentioned studies, a dual-stage MPC scheme by formulating the cascaded cost function for MMCs is presented to reduce the computational burden, without using any other additional controller or sorting techniques [23] . In this proposed method, the control objective of the first stage is to evaluate the voltage vectors redundancy, and the second one is to evaluate the submodule (SM) redundancy. Thus, the computational burden is significantly minimized without affecting the system dynamic performance. Although the aforementioned schemes can improve the steady-state performance and the optimizing efficiency, the investigation on the enhancement of steady-state control performance under unbalanced and distorted network as well as single arm fault conditions has not been reported in three-phase four-arm AFE-MMCs.
Motivated by the above observations, a fast finite-set model predictive control (FFS-MPC) for three-phase fourarm AFE-MMCs under unbalanced and distorted network conditions is proposed in this paper. The main aim of this paper is to enhance the steady-state performance of the whole system while remaining computationally feasible. Firstly, a novel topology is presented to enhance the fault tolerance ability of AFE-MMCs in our work. Secondly, in order to achieve the desired control performance, a simple and intuitive modification of the conventional FCS-MPC approach for three-phase four-arm AFE-MMCs is proposed to serve this purpose. Specifically, the philosophy behind the proposed FFS-MPC solution is to formulate a user-predefined cost function formula by embedding a power compensation term and an integral error term at the same time, which improves the power quality under normal and under abnormal conditions. In this sense, the computational complexity is a challenging issue, which needs to be taken into account while applying the proposed solution to the control of multilevel converters. To this end, a fast MPC is introduced into the proposed methodology to reduce the computational burden and complexity, making it suitable for multilevel converters control.
The main contributions of the proposed control strategy are as follows. 1) Compared with the state-of-the-art FCS-MPC strategies, a novel cost function is designed by introducing a power compensation term and an integral error term at the same time, and thus, the prominent steady-state performance under unbalanced and distorted network conditions is achieved. 2) By merging the fast MPC with the proposed solution, the advantages from each one of them are combined, i.e. the finite control set can be reduced and the complexity of the online optimization process can be improved in whole control process. 3) Compared with the traditional MMC topology, the presented three-phase four-arm AFE-MMCs not only inherits the main merits of conventional MMCs such as modular structure, scalability and reliability, but also realizes the improvement of fault tolerance ability of MMCs, leading to a simpler implementation and a lower associated costs. Finally, the effectiveness and feasibility of the proposed FFS-MPC methodology can be validated by the comprehensive results for regulated three-phase four-arm AFE-MMCs.
The paper is organized as follows. The FCS-MPC method for three-phase four-arm AFE-MMCs is introduced in section II. The proposed FFS-MPC methodology with power quality improvement under unbalanced and distorted network conditions for three-phase four-arm AFE-MMCs, which is investigated in detail in this literature, is presented in section III. Comprehensive simulation studies are provided in section IV, while conclusions are outlined in section V. 
II. FCS-MPC METHOD OF THREE-PHASE FOUR-ARM AFE-MMCS
where v O O denotes the voltage between the DC-link midpoint O and the point O on the grid-side voltage source. In the αβ stationary reference, without any loss of generality, the grid-side current dynamic equation of three-phase four-arm AFE-MMCs can be expressed as
where
5R arm , and L z = L g + 0.5L arm . e g denotes the grid-side voltage, v glx and v gux denote the upper and lower arm voltages, respectively. i g denotes the grid-side current, R g denotes the grid resistance, and L g denotes the grid filter inductance.
Discretizing (2) for the sampling period T s , the predicted grid-side current of the traditional one-step prediction at k +1 is obtained as follows:
Correspondingly, the predicted DC-link capacitor voltage can be written in the discrete-time form as
where U C1 and U C2 denote the DC-link capacitor voltages, i C1 and i C2 denote the current flowing through the capacitors, and C 1 and C 2 are DC-link capacitor values, respectively. It is important to emphasize that all the feasible switching configuration C N 2N in the conventional FCS-MPC approach will be evaluated for solving the optimization problem in whole optimization process. However, in this regard, it will inevitably increase the system complexity and computation burden, which could make it impractical for implementation. To solve this issue, the presentable output voltage-level is deployed as the finite control set for the controlled variables in the user-predefined cost function formula, and thus, the number of finite control set to be determined is reduced to N + 1 [14] , [21] . Hence, it can be described by the following form:
and where N denotes the SM number per arm, and N g denotes the presentable output voltage-level. In practice, the time delay of control command is inevitable. In that sense, it will deteriorate the control performance of the system if not considered in the design of the controller. Accordingly, this delay needs to be compensated for proper functioning of the control strategy. A widely accepted method of compensating it is by performing a two-step prediction, where the first one compensates the control delay while the second one serves as the prediction mode [25] . For this reason, the grid-side current at k + 2 can be calculated by using the predicted current at k + 1 as
where e g (k + 1) = e g (k)e jwT s is the predicted grid-side voltage, and w is grid voltage angular frequency.
If T s is small enough to be considered negligible, then e g (k + 1) ≈ e g (k).
According to the instantaneous power theory [26] , the predicted grid-side active and reactive powers at k + 2 have the following form:
where ''-'' is defined as the conjugate of a complex vector.
In the conventional FCS-MPC scheme, three control objectives are taken into account: active power tracking control, reactive power tracking control, and DC-link capacitor voltage balancing control. To this end, a rather intuitive approach is to define a cost function combining all these control objectives. It yields
. λ gp , λ gq and λ gd are the weighting factors for the three terms, respectively. Note that, due to the lack of theoretical design procedure, the selection of weighting factors is still an open research topic [27] - [29] . In our work, a heuristic tuning procedure to determine these weighting factors is employed.
In the FCS-MPC approach, the inherent discrete model of the power converters without a modulator is deployed to predict its future behavior for all the feasible output voltagelevel, where the one that minimizes the predefined cost function is applied to three-phase four-arm AFE-MMCs at every sampling period. This means that the FCS-MPC approach forces the predefined cost function values close to zero by evaluating all the feasible output voltage-level during each sampling period. Furthermore, the conventional voltage sorting algorithm is adopted to achieve the balancing of the SM capacitor voltages [6] .
However, one of the main challenges in the FCS-MPC technique is to eliminate/minimize the steady-state error. Although several control strategies have been reported to tackle the steady-state tracking error issue, to the best of the authors' knowledge and compared to the existing works in the literature, there are still little literatures about the steady-state tracking error minimization of FFS-MPC for three-phase four-arm AFE-MMCs under unbalanced and distorted network conditions. Motivated by aforementioned limitation, an attractive solution to this issue is to reconfigure a novel cost function with respect to steady-state tracking error. By evolving (9) , it can be expressed as follows:
and where b is a small constants. Although the proposed solution can achieve accurate power tracking, it suffers from highly distorted current if power references are kept the same under unbalanced and distorted network conditions. To illustrate this point, the following section provides the simplified FFS-MPC with respect to power/current quality improvement for three-phase four-arm AFE-MMCs.
III. POWER QUALITY IMPROVEMENT UNDER UNBALANCED AND DISTORTED NETWORK CONDITIONS
In this section, a novel FFS-MPC methodology with power compensation technique under unbalanced and distorted network conditions is proposed to obtain sinusoidal grid current and unity power factor without increasing the controller complexity. Alternatively, the design of predictive controller needs to ensure additional challenges such as enhancing the control flexibility of the three-phase four-arm AFE-MMCs and minimizing the steady-state tracking error in grid-side powers. A clear explanation of this procedure will be elaborated as follows.
A. MODELING OF THREE-PHASE FOUR-ARM AFE-MMCS UNDER UNBALANCED NETWORK CONDITIONS
In the αβ stationary reference frame, the unbalanced grid-side voltage and current can be expressed as the sum of their respective positive and negative sequence components.
By substituting (14) into (8), the actual active and reactive powers under unbalanced network conditions can be defined as
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Next, we assumed that the new power references under unbalanced network conditions can be expressed as
where P g_ori and Q g_ori are the original active and reactive power references under normal network conditions, respectively. P (1) g_comp and Q (1) g_comp are the required active and reactive power compensation terms under unbalanced network conditions, respectively. It is highly desired that the actual grid-side powers can be controlled to track their references by employing the FFS-MPC scheme. Then, they have the following form:
Thus, by substituting (19) into (18), the original power references expression yields
g_comp . Essentially, P g0 and Q g0 are constant, and P g2 and Q g2 are oscillating. Then, we assumed that the following (22) can be deduced to make (20) and (21) (22) and thus, the condition to cancel the power oscillations can be accomplished. We get
By substituting (22) and (23) 
B. MODELING OF AFE-MMCS UNDER DISTORTED NETWORK CONDITIONS
On the other hand, it is important to emphasize that the sinusoidal grid-side current is the most important control objective for AFE-MMCs system when the grid voltages are harmonically distorted according to the grid code. To this end, it is of paramount interest as alternative to exploit the novel control strategy, which is critical for guaranteeing the steady-state control performance of the whole system under distorted network conditions [31] . Is this sense, we assume that only fifth-order and the seventh-order harmonic components exist in the power grid since they are the major harmonic components in grid voltage. Hence, due to the aforementioned reasons, only these two harmonic components are taken into consideration in this literature. (26) where e + gαβ , e − gαβ , e 5− gαβ , and e 7+ gαβ devote the positive and negative fundamental components, negative fifth-order and positive seventh-order harmonic components in the αβ stationary reference frame, respectively.
The grid-side powers can be redefined as 
As mentioned above, in order to obtain sinusoidal grid-side currents, the negative sequence components in grid-side currents must be eliminated. Thus, we can get i gα = i + gα and i gβ = i + gβ . As such, it is because of P gref and Q gref are constant, and then, the grid-side power reference yields P ( 
C. DESIGN OF COST FUNCTION
Based on the above detailed analysis and design, a novel reconfigured cost function taking into account the active power tracking control, reactive power tracking control, and DC-link capacitor voltage balancing control, and steady-state tracking error elimination is proposed under unbalanced and distorted network conditions. It yields
and where b is a small constants. Equation (33) is considered as a new cost function to effectively select the optimal voltage level. In this sense, the proposed methodology is able to achieve satisfactory control performance and eliminate the steady-state tracking error, without the intervention of a PWM block. However, online evaluation of voltage vectors and control objectives can increase the computational burden. As a consequence, a preferred solution to this issue is to reduce the overall computational effort and to eliminate the undesired switching states.
To this end, a fast MPC strategy for regulated three-phase four-arm AFE-MMCs is introduced into the proposed solution to simplify the online optimization process without compromising the simplicity of the control structure [22] . Specifically, compared with the conventional FCS-MPC approach, the proposed FFS-MPC algorithm takes advantage of the finite control set nature of the AFE-MMCs by evaluating only the two or three times for online optimization according to the latest (previous) optimal voltage level during each sampling period. By using the proposed methodology, the computational complexity of the online optimization and the set of admissible solutions can be considerably reduced, which is an attractive solution to the three-phase four-arm AFE-MMCs with a large number of SMs. The schematic of the whole proposed solution for the three-phase four-arm AFE-MMCs is shown in Fig. 2 .
To sum up, it can be stated that the key advantages of the proposed solution in this paper is more complete with respect to existing works since it incorporates power compensation and fast MPC simultaneously under unbalanced and distorted network conditions.
IV. PERFORMANCE EVALUATION
In order to evaluate the proposed design methodology, the FFS-MPC-solution in conjunction with the power compensation technique is presented in comparison with the conventional FCS-MPC approach and the proposed methods in [21] and [22] for three-phase four-arm AFE-MMCs. To achieve a fair comparison between the four different control strategies, the same test scenarios are configured. However, a tracking error can be seen when the conventional FCS-MPC method and the proposed methods in [21] and [22] are applied under unbalanced network conditions. To solve this, as mentioned above, a novel cost function taking into account the steady-state tracking error elimination is formulated. Thus, simulation result indicates that there is no tracking error in the steady-state operation by using the 
1) OBTAINING SINUSOIDAL AND SYMMETRICAL GRID CURRENT (PROPOSED METHOD I)
As analyzed above, the interesting aspects of the proposed FFS-MPC-solver in our work are the elimination of steady-state tracking error and the suppression of grid-side currents harmonic without the restriction resulted from the computational burden. Similarly, a 30% voltage dip at phase C is shown in Figs. 7(a)-9(a). It can be seen that the satisfactory grid-side current waveforms can be obtained by the proposed FFS-MPC solution with power compensation under unbalanced grid voltage conditions, as shown in Fig. 7(b) . Compared with the aforementioned methods, the steady-state tracking performance can be enhanced, as shown in Fig. 7(c) . Furthermore, it is clearly observed from Figs. 7(d)-7(e) that DC-link capacitor voltages and SM capacitor voltages can achieve accurate tracking of their corresponding references under unbalanced grid voltage conditions, respectively.
2) REMOVING ACTIVE POWER RIPPLES (PROPOSED METHOD II)
As shown in Fig. 8(b) , three-phase grid current waveforms can keep sinusoidal by employing the proposed FFS-MPC approach. It is clearly observed from Fig. 8(c) that the grid-side reactive power keeps constant under the balanced grid and oscillates at twice grid frequency under unbalanced grid while the active power keeps smooth and constant in both cases. Besides, as shown in Fig. 8(d) and Fig. 8(e) , it can be seen that DC-link capacitor voltages and SM capacitor voltages can be controlled to track their corresponding references, respectively.
3) REMOVING REACTIVE POWER RIPPLES (PROPOSED METHOD III)
As observed, a similar analysis is presented as follows. As shown in Fig. 9(b) , three-phase grid current waveforms can keep sinusoidal by employing the proposed FFS-MPC approach. It is clearly observed from Fig. 9(c) that the grid-side active power keeps constant under the balanced grid and oscillates at twice grid frequency under unbalanced grid while the reactive power keeps smooth and constant in both cases. Besides, as shown in Fig. 9(d) and Fig. 9(e) , it can be seen that DC-link capacitor voltages and SM capacitor voltages can be controlled to track their corresponding references, respectively.
B. COMPARATIVE STUDIES UNDER HARMONIC NETWORK CONDITIONS
For distorted grid voltage condition test, in-depth comparative studies between the four different control approaches under harmonic network conditions are presented, as depicted in Figs. 10-14. In that sense, the grid phase voltage peak e g is set to 600V with respect to the negative fifth-order harmonic component and the positive seventh-order harmonic component, as shown in Figs. 10(a)-14(a) . Throughout the test under harmonic grid conditions, it is clearly observed from Figs. 10(b)-13(b) that the currents waveforms are seriously distorted. In contrast to the previously mentioned control strategies, the proposed FFS-MPC solution (Proposed Method IV) effectively suppresses current distortion caused by the grid voltage low-order harmonics, as shown in Fig. 14(b) . As observed, it can be concluded that the proposed solution can perform well even with low-order harmonics in the grid voltage.
Furthermore, as shown in Figs. 10(c)-13(c), the grid-side powers can track their corresponding references. However, a considerable tracking error can be seen when the conventional FCS-MPC method and the proposed methods in [21] and [22] are applied under unbalanced network conditions. It is clearly observed from Fig. 14(c) that there is no tracking error in the steady-state operation by using the proposed FFS-MPC solution. Next, it is clearly observed from Figs. 10(d) and 14(d) that DC-link capacitor voltages can be controlled to track their corresponding references, respectively. Furthermore, SM capacitor voltages are depicted in Figs. 10(e) and 14(e). To present the control scheme clearly, in-depth comparative results are shown in TABLE 2. As can be clearly appreciated in this table, the proposed solution can be achieved the better current quality than that of the conventional FCS-MPC and the proposed methods in [21] and [22] for three-phase four-arm AFE-MMCs under unbalanced and harmonic network conditions.
V. CONCLUSION
In this paper, an improved FFS-MPC scheme for regulated three-phase four-arm AFE-MMCs with power compensation under balanced and harmonic network conditions is proposed. Specifically, a novel reconfigured cost function formula associated with a fast MPC is incorporated into the proposed methodology to eliminates steady-state tracking error and to suppress grid-side currents harmonic without the restriction resulted from the computational burden. Compared with the state-of-the-art FCS-MPC strategies, the advantages of this paper includes: 1) The desired grid-side currents can be obtained; 2) the power tracking performance can be enhanced; 3) the computationally efficient can be improved; and 4) DC-link and SM capacitor-voltage balancing can be achieved. Finally, the proposed design methodology is demonstrated analytically and verified by comprehensive simulation results that confirm the theoretical investigations, as well as excellent steady-state performance of the proposed control strategy, while remaining computationally feasible.
